Abstract: Loss of function is usually considered the major consequence of spinal cord injury (SCI). However, chronic pain severely compromises the quality of life of many SCI patients. Recently, microglial cells in enhanced response states have been proposed to contribute to chronic pain following SCI. Here we report that following contusion injury, the microglial cysteine protease cathepsin S (CatS) is critical for the maintenance of SCI-induced neuropathic pain and spinal microglial response. Following SCI, significant mechanical and thermal hypersensitivity developed in both hind-paws. Prolonged intrathecal administration of the CatS inhibitor LHVS (morpholinurea-leucine-homophenylalanine-vinyl sulfone-phenyl), commencing day 26 post-SCI, resulted in significant attenuation of established mechanical and thermal pain behaviours compared to vehicle. This attenuation was evident as early as 24hrs following treatment initiation, and was maintained throughout the 7 day duration of drug administration. In addition, following the 7 day treatment period LHVS significantly attenuated the SCI-induced response of microglial in the lumbar dorsal horn of the spinal cord. We suggest that following SCI, CatS expressed by spinal microglia, is critical for the maintenance of below the level pain induced by contusion injury and suggest that CatS inhibition constitutes a novel therapeutic approach for the treatment of chronic pain associated with SCI.
INTRODUCTION
Spinal cord injury (SCI) is a debilitating event leading to profound loss of motor function below the level of the lesion. Chronic central pain is a common occurrence, severely compromising the quality of life of many SCI patients. Studies indicate a prevalence of 65-85% of patients developing clinically significant pain following SCI [1] , which is often refractory to current pharmacological treatments [2, 3] . Despite the prevalence and severity of post-SCI pain, the mechanisms associated with this type of neuropathic pain have only been investigated relatively recently.
A major conceptual advance has been the recognition of the importance of neuroimmune interactions in the modulation of altered nociceptive processing in chronic pain states. Microglia respond quickly to injury, up-regulating cell surface proteins and increasing their synthesis and release of inflammatory mediators that can sensitize neurons, thereby establishing a positive feedback which contributes to chronic pain following peripheral nerve injuries [4, 5] . Thus, following nerve injury microglial cells enter a pain-related enhanced response state [5] . In particular, the microglial cysteine protease Cathepsin S (CatS) is critical for neuropathic pain following peripheral nerve injury [6] .
*Address correspondence to this author at the Wolfson Centre for AgeRelated Diseases, Kings College London, Wolfson Wing, Hodgkin Building, Guys Campus, London, SE1 1UL, UK; Tel: 02078486092; Fax: 02078486165; E-mail: marzia.malcangio@kcl.ac. uk Spinal microglial activation has also been observed following SCI, both in human patients [7] and following experimental SCI models [8] . Recent evidence suggests that this microglial response in the lumbar dorsal horn contributes to the maintenance of below the level pain associated with SCI [9] [10] [11] [12] , as well as its initiation [13] . Following SCI, microglia contribute to enhanced neuronal hyperexcitability associated with pain behaviours [9, 11] , and several mechanisms of microglial-neuronal communication have been proposed to mediate this phenomenon [8] . In particular, enhanced expression of pro-inflammatory cytokines that contribute to neuropathic pain following peripheral nerve injuries, contribute to below the level pain following SCI [14] . However, greater understanding of the mechanisms of post-SCI injury pain may reveal novel therapeutic approaches for the treatment of chronic pain.
In this study, we examine the contribution of microglial CatS, a key player in microglia-neuronal communication following peripheral nerve injury [6, 15] , to the maintenance of below the level neuropathic pain associated with SCI.
MATERIALS AND METHODS

Animals
All experiments were carried out using adult male Wistar rats (220-250 g, Harlan, UK) housed in standard laboratory conditions with free access to food and water. All experiments were undertaken with approval of the United Kingdom Home Office. Experimental study groups were randomized and blinded. In total 18 rats were used for this study.
Surgical Procedures
Contusion Injury
Adult male rats were anaesthetised with an intraperitoneal injection of medetomidine (0.25mg/kg) and ketamine (60mg/kg), and body temperature was monitored with a rectal thermometer and maintained at 37ºC. SCI was produced at spinal segment T10 using the Infinite Horizon Impactor device (The Ohio State University, USA). A laminectomy was performed at T10 with the vertebral column stabilized at T8 and T11 using angled clamps. The impactor tip (2mm diameter) was positioned over the exposed dura and triggered to deliver a contusion injury with a force of 200 Kdynes. The wound was rinsed with saline, and the overlying muscles and skin were closed in layers with 4-0 silk sutures. Animals were allowed to recover on a 30°C heating pad. Postoperative treatment included saline (2.0 cc, s.c., twice daily) to prevent dehydration. Bladders were manually expressed twice daily until reflex bladder emptying returned.
Intrathecal Pumps
Intrathecal cannulas were implanted directly following contusion injury (at day 0). Under anaesthesia a midline incision was made over the midthoracic spinal cord. Muscles were separated from bone by blunt dissection, and a small laminectomy was made at the sixth or seventh thoracic vertebra. An intrathecal cannula (0.30mm I.D., 0.63mm O.D.) was inserted under the dura mater such that the tip rested at the lumbar enlargement and the opposite end sealed with glue. Immediately following behavioural testing on day 26 post-SCI the end of previously implanted cannulae tubing was attached a subcutaneous osmotic mini-pump (Alzet model 2001) containing the irreversible CatS inhibitor LHVS (morpholinurea-leucine-homophenylalanine-vinyl sulfone-phenyl; NeoMPS Inc, San Diego, CA, USA) or vehicle (20% cremophor EL/saline; Sigma, UK). Vehicle or LHVS (30nmol/day) were administered intrathecally for 7 days (beginning day 26 post-SCI). Proper placement of the cannulae was determined in each animal at the end of the experiment.
Behavioural Testing
Mechanical Allodynia
Mechanical withdrawal thresholds were assessed by measuring paw withdrawal threshold (PWT) using a Dynamic Plantar Anesthesiometer (Ugo Basile, Italy). In brief, each animal was placed in a clear acrylic cubicle (22 x 16.5 x 14 cm) on top of a metal grid in a temperature controlled room (~22°C) and allowed to acclimatise for 15 minutes before testing. The stimulus was applied via an actuator filament (0.5 mm diameter) which under computer control applied a linearly increasing force ramp (2.5 g/sec) to the plantar surface of the hind paw. The force necessary to elicit a paw withdrawal was recorded. A cut-off of 50 g was imposed to prevent any tissue damage. The withdrawal threshold of each hindpaw was calculated as the average of three consecutive tests with at least 5 minutes between each test. Measurements were taken on three separate days prior to surgery, on two separate days following surgery and then throughout the 7 day treatment period. Following SCI behavioural tests were only conducted once full motor impairment of the hind-limbs had resolved in order for reliable withdrawal thresholds to be recorded.
Thermal Hyperalgesia
Using the method described by Hargreaves et al. [16] . In brief, each animal was placed in a clear acrylic cubicle (22 x 16.5 x 14 cm) on top of a glass floor in a temperature controlled room (~22°C) and allowed to acclimatise for 15 minutes before testing. The withdrawal latencies of each hindpaw were averaged over three consecutive tests, at least 5 minutes apart, in response to the thermal challenge from a calibrated (output of 190 mW/cm 2 ) radiant heat light source. A cut-off of 20 seconds was imposed to prevent tissue damage. Measurements were taken on three separate days prior to surgery, on two separate days following surgery and then throughout the 7 day treatment period.
Immunohistochemistry
At the completion of behavioural experiments, animals were under pentobarbital anaesthesia, transcardially perfused with 0.9% saline solution followed by 4% paraformaldehyde in 0.1M phosphate buffer. The lumbar spinal cord was excised, post-fixed for 4hr in the perfusion fixative, then cryoprotected in 20% sucrose in 0.1M phosphate buffer (72hr at 4°C) and frozen in O.C.T embedding compound (VWR, UK). Transverse sections (20μm) were cryostat cut and thaw-mounted onto glass slides. Slides were incubated overnight with primary antibody solution for Iba-1 (rabbit anti-ionized calcium binding adapter molecule 1, 1:1000, Wako Chemicals, Germany) or OX42 (mouse anti-Cd11b, 1:100, Serotec, UK) followed by secondary antibody solution (IgG-conjugated Alexa Fluor 488™, Molecular Probes, OR, USA). Slides were cover-slipped with Vectashield mounting medium (Vector Laboratories, CA, USA) and visualised under a Zeiss Axioplan 2 fluorescent microscope.
Quantification and Statistics
Quantitative assessment of Iba-1 and OX42 immunostaining was carried out by counting the number of positive profiles within a fixed area of the dorsal horn [6, 15, 17, 18] . A box measuring 10 4 μm 2 was placed onto areas of the lateral, central and medial dorsal horn and the number of profiles positive for each marker counted within this area. These measurement protocols were carried out on three L5 spinal sections from each animal. For the analysis of behavioural data two-way repeated measures of ANOVA followed by Tukey's post-hoc test was used. For immunohistochemical data one-way repeated measures of ANOVA followed by Tukey's post-hoc test was used. P<0.05 was set as the level of statistical significance.
RESULTS
Inhibition of CatS Attenuates Established Neuropathic Pain Behaviours Following SCI
Despite the now established role of microglial in enhanced response states to neuropathic pain following peripheral nerve injury [4, 5] , spinal microglia have only recently been reported to contribute to chronic pain in rodent models of SCI [8] . We have previously reported that inhibition of the microglial enzyme CatS is able to reverse established pain behaviours following peripheral nerve injury [6] . We therefore examined the contribution of spinal CatS to neuropathic pain behaviours and microglial response associated with SCI.
Contusion of the spinal cord at T10 resulted in mechanical allodynia (Fig. 1A) , indicated by a significant reduction in mechanical withdrawal thresholds of both hind paws 26 days following SCI compared to baseline PWT. Both hind-paws showed similar levels of mechanical allodynia. Animals also demonstrated significant thermal hyperalgesia on day 26 following SCI (Fig. 1B) . Continuous intrathecal administration of the CatS inhibitor LHVS, from day 26-33 following SCI, significantly attenuated both mechanical and thermal hypersensitivity commencing on day 27, compared to vehicle (Fig. 1A-B) . Gross observation of motor behaviour did not reveal difference in ambulation between LHVS and vehicle treated groups, however animals had recovered from SCI-induced motor impairment by the time treatments were started. These data suggest a role for spinal CatS in the maintenance of SCI induced neuropathic pain behaviours.
Microglial Response Following SCI is Attenuated by CatS Inhibition
We have previously reported that inhibition of CatS following peripheral nerve injury reduces the number of microglial cells in enhanced response states in the dorsal horn of the spinal cord [6] . We therefore examined the effect of CatS inhibition on the microglial response following SCI using immunohistochemistry. Thirty-three days following SCI a significant enhancement in microglial response was observed in animals receiving vehicle treatment compared to intact animals. Quantification of immunohistochemical markers revealed that SCI significantly increased numbers of Iba-1 ( Fig. 2A-B) and OX42 (Fig. 2C) positive microglia in both dorsal horns. Animals receiving LHVS treatment following SCI also exhibited enhanced microglial response compared to intact controls (Fig. 2) . However, intrathecal LHVS significantly reduced the number of microglia expressing both Iba-1 ( Fig. 2A-B) and OX42 (Fig. 2C) in the lumbar dorsal horn compared to vehicle treated animals. These data suggest that the anti-hyperalgesic effects of LHVS following SCI are as a result of a reduction in microglial response in the dorsal horn of the spinal cord.
DISCUSSION
Here we demonstrate that the microglial enzyme CatS is critical for SCI induced neuropathic pain behaviour and microglial response. Specifically, following contusion SCI both mechanical and thermal hypersensitivity develop in the hind-paws and enhanced microglial response is observed in the dorsal horn of the lumbar spinal cord. Chronic intrathecal treatment with a CatS inhibitor is able to attenuate established pain behaviours and reduce spinal microglial response, suggesting that CatS is vital for the maintenance of microglial driven neuropathic pain following SCI.
Chronic neuropathic pain is a major complication of SCI. Several established animal models of SCI manifest behavioural patterns which are considered representative of the main features of human SCI pain. The contusion model of SCI is believed to be the most clinically relevant, closely paralleling the injury profile of many patients [19] . The chronic pain associated with this model of SCI has been extensively characterized, with animals exhibiting thermal and mechanical allodynia at the level of injury (at-the-level pain), as well as in both forepaws (above-the-level pain) and hind-paws (below-the-level pain) [20] . Following contusion of the spinal cord at T10 we observed the development of below the level pain. Consistent with previous studies [9, 11, 14, [20] [21] [22] [23] , animals exhibited both thermal and mechanical pain behaviours in both hind-paws following SCI. Substantial evidence now demonstrates that non-neuronal cells critically contribute to the full development of neuropathic pain in a variety of animal models [4, 5] . Spinal microglia respond quickly to injury, up-regulating cell surface proteins and increasing their synthesis and release of inflammatory mediators, including cytokines and proteases that can modulate neuronal sensitivity thereby contributing to increased nociception following injury [4] . In particular, the microglial protease CatS and the neuronal chemokine Fractalkine (FKN) represent a key neuron-microglia signaling pair during neuropathic pain [6, 15, 24] . CatS is upregulated in microglial cells following nerve injury [6, 25], and CatS inhibitors reverse neuropathic pain behaviours [6, 26, 27] . Following microglia activation CatS is released into the extracellular environment [28] , where it exerts its pro-nociceptive effects via cleavage of membrane-bound FKN [6, 15] . Soluble FKN is then able to further amplify the pain-related enhanced response state of microglial via activation of the CX3CR1 receptor. Hence, the inhibition of microglial targets such as CatS [6, 26, 27] and CX3CR1 [29] can reduce hypersensitivity in chronic pain states.
More recently spinal microglial in enhanced response states have also been proposed to play a role in chronic SCI pain [8] . Here we demonstrate enhanced microglial response in the lumbar spinal cord following T10 contusion injury. Indeed, enhanced microglial response in the lumbar spinal cord, many spinal segments below the SCI site, has been reported following both contusion [9, 11, 14, 23] and hemisection injury [10, 13, 30] . In addition, microglial inhibitors such as minocycline are able to delay the development of below the level SCI induced pain behaviours [13] , as well as reverse established neuropathic pain [9] .
Here we provide evidence that chronic intrathecal administration of the irreversible CatS inhibitor, LHVS, significantly reverses established mechanical and thermal hypersensitivity following SCI. In addition, enhanced nociceptive thresholds were found to correlate with decreased microglial cell number and response state in the lumbar dorsal horn. These data suggest that the anti-allodynic effects of CatS inhibition are mediated via an attenuation of microglia activity. Indeed, we have previously reported that following peripheral nerve injury CatS inhibition is antiallodynic via a reduction in spinal microglial response [6] . In addition, LHVS is able to diminish both p38 MAPK phosphorylation and secretion of Interleukin-1 from spinal microglia following lipopolysaccharide stimulation [15] , suggesting that CatS inhibition reduces the overall proinflammatory nature of microglial cells. Therefore, the effects of such pharmacological agents may be two fold, acting directly to dampen the pro-inflammatory nature of spinal microglia by decreasing the synthesis of microglial mediators. Indirectly, a reduction in such inflammatory agents may act to reduce the hyperexcitability of spinal neurons observed following SCI [9, 11] , leading to an overall attenuation of chronic pain. Indeed, many inflammatory mediators found within the CNS are able to enhance neuronal excitability [12, 31] .
Our study reinforces the role of microglial in chronic pain following SCI and proposes CatS as a new signaling candidate contributing to SCI pain. However, the factors that initiate changes in microglial response state as well as the mediators that are thought to contribute to the production of pain still require extensive study. Several microglia-neuron signaling pathways have been suggested to contribute to chronic pain. We have previously demonstrated that following peripheral nerve injury CatS mediates its pronociceptive effects via cleavage of the neuronal chemokine FKN [15] . We suggest that this microglial-neuronal signaling pathway may also contribute to SCI-induced neuropathic pain, as CatS inhibition effectively attenuates both pain behaviours and microglial response following SCI. A second suggested microglia-neuron signaling pair may comprise microglial Extracellular Signal-Related Kinase (ERK) and neuronal Prostaglandin E2 [11] . Following SCI, phosphorylation of mitogen activated protein kinases (MAPK) including p38 [9, 10] and ERK [11] is observed in spinal microglia. ERK phosphorylation may then lead to enhanced secretion of Prostaglandin E2 which acts to enhance neuronal excitability [11] . Thirdly, the chemokine CCL21 has been proposed to act as a remote activator of thalamic microglia following SCI [12] . However, further studies are needed to clarify the role of particular microglia mediators in central injury and their contribution to chronic pain.
In conclusion, our results reinforce the role of microglia in SCI-induced pain and establish a new role for the microglial protease CatS in the maintenance of neuropathic hypersensitivity following contusion SCI. We suggest that CatS inhibition constitutes a novel therapeutic approach for the treatment of chronic pain following SCI.
